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Abstract Excitation Emission Matrix (EEM)
fluorescence spectra and hydrochemical parameters were
measured monthly for a year in the western coastal waters of
the Bay of Bengal in a shore normal transect up to the
mid-shelf region. The parallel factor analysis of the EEM
spectral data showed five fluorescent components, two
protein (Tyrosine and Tryptophan protein-like, represented
as B and T respectively) and three humic (UV humic, Marine
humic and Visible humic-like represented as A, M and C
respectively). The B fluorophore was more enriched
attributed to bacterial decay of photosynthetically produced
organic matter and acted as proxy of primary production.
The humic like fluorophores showed significant
conservative behavior up to salinity ~31. During the
pre-monsoon season, photo bleaching caused significant loss
of A and C fluorescence making them deviate from
conservative behavior but not from the linear distribution
against chlorophyll a. The wvertical profiles revealed
systematic maxima for the humic fluorophores at depths
during pre-monsoon and it is inferred that they owe their
origin to phytoplankton.
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1. Introduction

In the aquatic environments, dissolved organic matter
(DOM) which is a complex and heterogeneous mixture of
components is predominantly contributed by the degradation
of plants, bacteria and zooplankton and plays an important
role in the global carbon cycle [1]. In the coastal region,
DOM of terrestrial origin contributed by the land humus
predominates. Chromophoric dissolved organic matter
(CDOM) is a significant fraction of DOM which absorbs
radiation from visible to ultra violet (UV) wavelengths.
Some fraction of CDOM exhibit fluorescence due to humic

and protein like compounds, which is known as Fluorescent
DOM (FDOM). The excitation emission matrix fluorescence
spectroscopy combined with parallel factor analysis can be
used to characterization of CDOM and its quantitative
significance in DOM dynamics [2-4].

Many fluorescence studies have focused on surface waters
of different water bodies e.g., ponds [5], water sheds [6],
lakes [7], rivers [8], estuaries [9] and coastal surface waters
[10-12] which are influenced by rivers [13] to elucidate their
advantage to investigate the biogeochemical cycling of
carbon, apart from other aspects. The few studies that have
been carried out on FDOM dynamics in the coastal waters
which are having no direct fresh water inputs from major
rivers and for the water column to understand the influence
of short term processes e.g., photic [14], and biogeochemical
[15] processes and of water masses [16] to the ecosystem.
However studies of CDOM dynamics in the coastal waters
which are having no direct fresh water inputs from major
rivers are scanty. In those regions surface as well as vertical
distribution of optical properties may have significant trends
due to in situ changes of CDOM. Towards this objective,
monthly time series observations were done as a part of the
SATellite Coastal and Oceanographic REsearch (SATCORE)
project of Indian National Centre for Ocean Information
Services (INCOIS) for a year in the coastal waters of Bay of
Bengal (BOB) from near shore (10m) to offshore (100m)
isobaths.

2. Materials and Methods

2.1. Study Area

The BOB is a unique and dynamic area which experiences
seasonal changes in wind direction, immense fresh water
input through rivers (1.6 x 10 m’ year'), excess
precipitation over evaporation [17], and frequent
atmospheric disturbances like depressions and cyclones [18].
River discharges from large rivers e.g., the Ganges-
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Brahmaputra river system, Godavari, Krishna, Mahanadi and
Cauvery enter the Bay of Bengal in the western coastal
region. The coastal city of Visakhapatnam is away from the
nearest Godavari (south) and Mahanadi (north) estuaries by
about 150 km and 250 km respectively. During the monsoon
season (June — November) coinciding with the peak rainfall
on the Indian subcontinent, these rivers experience floods.
Due to the influence of the EICC(East Indian Coastal
Current), the Godavari flood water can significantly dilute
the Visakhapatnam coastal water at the peak of monsoon
[19]. During the latter phase of SW monsoon, the same EICC
brings water from the northern rivers particularly the R.
Ganges. The confluences of minor rivers Gosthani and the
Sarada-Varaha which are towards north and south by about
15 and 40 km respectively from Visakhapatnam city have
meagre impact on the Visakhapatnam coastal waters during
the non-monsoon season; Hence little dilution accompanied
with stable conditions of the water column are seen for this
region.

2.2. Sample Collection

Sampling was done on board Coastal Research Vessels
(CRV) Sagar Paschimi and Sagar Purvi owned by the
Ministry of Earth Sciences, Govt. of India. When these
vessels were not available, sampling was done on smaller
mechanized vessels. The sampling stations are at 10 m, 20 m,
30 m, 50 m, 75 m and 100 m isobaths which are away from
the coast by 2-30 km (Fig. 1). Water samples were collected

at surface at monthly intervals from October 2010 to October
2011 by using inner teflon coated 5 litre Niskin bottle. Water
samples were additionally collected from the column at
standard depths (surface, 10, 20, 30, 50, 75 and 100 m) at the
offshore station (100 m isobath) during the premonsoon
(April 2011) and monsoon (September 2011). Salinity and
temperature data were collected by using a portable
conductivity, temperature and depth (CTD) profiler (SBE 19
plus; SeaBird Electronics, USA). Occasionally when the
CTD was not available, the temperature was read from a
calibrated clean thermometer (0.1°C precision) suspended in
the Niskin by opening its lid after subsampling for dissolved
oxygen, and the salinity was determined in the shore
laboratory by Mohr titration [20]. The depth of the photic
zone was measured by dipping the sechi disc.

Water sample was collected for dissolved oxygen first
without air bubbles, fixed with Winkler’s reagents and the
titrimetric estimation done. For the determination of Optical
properties (absorbance and fluorescence), water samples
were collected in amber colored glass bottles and
immediately filtered through 0.22 um membrane Millipore
filters, which were soaked with MilliQ water. One litre water
was filtered separately onto GF/F Whatman filters for the
estimation of chl a. These filters and the filtered samples for
optical measurements (absorbance and fluorescence) were
kept in a refrigerated container (4-8°C) until analysis in the
shore laboratory.
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2.3. Analytical Methods

2.3.1. Hydrochemical Parameters

Dissolved oxygen was estimated by the modified
Winkler’s method [21]. For the determination of chl a, the
filters containing the particulate matter were extracted in
90% acetone overnight at 4 °C, and the absorption spectrum
of the supernatant measured using Shimadzu 1800 double
beam UV- Visible spectrophotometer. The concentration of
chl a was calculated by using Jeffrey equations [22].

2.3.2. Fluorescence

The EEM spectra were taken on a Horiba JobinYvon
Fluoromax-4 spectrofluorometer equipped with 150 W
ozone-free xenon arc-lamp and R928P detector. The EEMs
were collected by using excitation wavelengths between 250
nm and 402 nm at 4 nm interval and emission wavelengths
from 290 to 550 nm at 2 nm interval. The instrument was set
up to collect the corrected signal from sample (Sic)
normalized to the signal from reference detector (R;), which
is known as ratio (S;¢/R;) mode using 5 nm bandwidth on
both excitation and emission monochromators with
integration time 0.2 s. The EEM spectra were then
normalized with respect to the area under the Raman scatter
peak (ex: 350 nm, em: 381-426 nm; [23]). The Raman
normalized MilliQ water EEM spectrum was subtracted
from the EEM spectra of samples to remove the water
Raman scattering. The resultant spectra are in Raman Units
(RU). The RU is preferred as it is helpful for a global
comparison [2,23].

2.3.3. PARAFAC Analysis

PARAFAC analysis of the EEM dataset extracts the
flurophores present in CDOM as components. The
PARAFAC was done in MATLAB R2007a using the
DOMFluor, which contains Nway toolbox ver 3.1 [24].
Determination of the optimum number of components was
done by split half analysis and random initialization [24], as
a part of the program. The PARAFAC analysis was applied
to our dataset (80 samples) to obtain relative intensities
(scores) of the components, from which absolute intensities
were calculated [2,25]. Statistical analysis was done using
Statsoft statistica 8 software.

3. Results and Discussion

3.1. Hydrography

Salinity at surface ranged from 21.17 to 33.98 in surface
waters (Fig. 2). It showed lower values during October 2010
and attributed to the monsoon driven river discharges from
northern rivers [26]. At the 100 m isobaths station where
vertical profiling was done, salinity did not vary
significantly between the monsoon season (range: 32.01 to
33.24) and the premonsoon (33.37 to 34.72) (Fig. 3a).
However, the premonsoon — monsoon difference was that
during the monsoon season a lower saline water occupied up
to 30 m (32.11 + 0.10) while during the premonsoon, the
salinity was constant in the entire water column (33.50 +
0.09) due to mixing of the water column. Dissolved oxygen
showed consistently high concentration (228 + 11uM) in the
upper 50 m thick water column attributed to productivity
aided by intense solar radiation and high transparency.
Subsurface chlorophyll maxima occurred at 50 m depth
during premonsoon season, agreeing with previous reports
[27]. Premonsoon phytoplankton blooms have also been
reported in this region [28]. While dissolved oxygen
decreased from 50 m downwards in the premonsoon (Fig.
3a), it decreased vertically starting from the surface itself
during monsoon (Fig. 3b). This is attributed to bacterial
decomposition of POM and DOM accompanying the
freshwater input and in whose concentration the surface
water is rich. The subsurface chlorophyll maxima during the
monsoon season occurred at 30 m depth (Fig. 3¢) due to a
low photic depth.
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Figure 2. Spatio-temporal variation of salinity in surface waters
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Figure 3. Vertical variations of hydrochemical parameters at 100 m isobaths during premonsoon and post monsoon a) salinity, b) Dissolved Oxygen and c)

Chlorophyll a
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Figure 4. EEM spectra of PARAFAC components and their respective excitation and emission loadings



Environment and Ecology Research 4(1): 13-20, 2016 17

3.2. PARAFAC Components

The PARAFAC analysis extracted five primary
components (C1-C5, Fig. 4). Among these, two (C2 and C5)
are protein like components and three (C1, C3 and C4) are
humic like. C1 represents marine humic like fluorophore M
with Ex/Em, 306 nm/404 nm [29, 30] observed in various
aquatic environments [31-33]. C2 with Ex/Em maxima 278
nm /330 nm represents the tryptophon protein like fluorphore
observed in river and estuarine environments formed from
freshly produced phytoplankton and terrestrial organic
matter [25,31,34-36]. C3 has two fluorophores, the red
shifted UV humic (A) fluorophore at Ex/Em 282 nm/466 nm,
and the visible humic (C) fluorophore at Ex/Em, 370 nm/466
nm [34, 35]. It represents the terrestrially derived component
observed earlier in north Atlantic and Pacific oceans [9, 25].
C4 with Ex/Em of 262 nm/464 nm resembles the UV humic
like fluorophore (A) observed in both terrestrial and marine
waters [8, 25]. C5 with excitation maxima at 274 nm and
emission maxima at 293 stands for tyrosine protein like [2]
fluorophore which has been observed in estuarine and
coastal environments and interpreted as an indicator of in
situ DOM sources e.g., bacterial degradation of peptides.

3.3. Variation of Fluorophores in Surface Waters

The fluorophoric components did not show significant
spatial trend from 10m to 100m isobaths. The fraction of
each fluorophoric component was computed as the ratio of
the intensity of each component to the total intensity of
different components (Fig. 5). Mean contribution of the
fluorescence components in surface waters were in the order:
C5>C2>C4>C1> C3. The protein like components (tyrosine
like, C5 and tryptophan like, C2) were more enriched
compared to other components. The tyrosine like component
further showed higher contribution from January to April
2011 due to stable water column, enhanced bacterial decay
of phytoplankton and of photosynthetically produced
organic matter. When local precipitation and fresh water
inputs were high (October 2010&11 and July 2011), B
contribution was low as the surface waters were covered by
terrestrial derived organic matter, which is rich in high
molecular weight humic substances. This is also evidenced
by the contribution of UV-humic like flurophoric component
(C4) which was high during those months.
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Figure 5. Contribution of fluorophoric components with monthly
variation

3.3.1. Humic Like Fluorescence as Proxy of Phytoplankton
Production

The humic like components C1, C3 and C4 correlated
significantly with salinity (r=0.69, 0.75 and 0.79 n= 22,
p=0.0004, <0.0001, and <0.0001 for Cl, C3 and C4
respectively) (Fig. 6a) at salinity <31. This behaviour is
similar to that of coastal waters [e.g., 25,37]. For
non-conservative behaviour at higher salinities, photo
bleaching plays a major role [37]. Salinity in any range is not
correlated to the protein like fluorophores (C2 and C5),
attributed to their inputs from both the riverine and
autochthonous inputs [25]. Chlorophyll a showed significant
positive correlation with humic like C3 and C4 components
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(r=0.69 and 0.71, p=0.018 and 0.014 respectively for n =11)
(Fig. 6b) during premonsoon season (April and May 2011).
Except in the case of a eutrophic lake in which 355/450
(ex/em) fluorescence corresponding to C3 was noticed [38],
such relationship is rare. Further significant correlation with
C4, which represents A fluorophore which is 5 times more
abundant than C3, which represents C fluorophore, offers
advantage for predicting chl a. The C and A fluorophores
likely owe their origin to bacterial decay of recently formed
organic matter introduced by phytoplankton during and after
photosynthesis as demonstrated in laboratory cultures [33,
39] and in field studies [36, 39,40]. Chl a did not show any
relationship with the tyrosine and tryptophan protein like
fluorophores despite the fact that the origin of the latter is
often attributed to phytoplankton [41]. This is because the
formation of protein tryptophan like matter from
phytoplankton and its exudates is dependent on whether the
species is at the lag, exponential, stationary or decay phases
of growth as shown in laboratory axenic cultures [33,41]. In
the field environment, the presence of phytoplankton as
assemblage further introduces complexity and absence of
correlation between chlorophyll and the protein like
fluorophores.
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3.4. Vertical Variation of Fluorophores

The protein like fluorophores (C2, C5) did not show
significant vertical trend. The humic like fluorophores (C1,
C3, C4), however, did show trends (Fig. 7 a,b). Maxima were
shown at subsurface in premonsoon and at surface during the
monsoon season. The latter can readily be attributed to the
surface freshening by the monsoon caused input of humic
rich terrestrial flux. The subsurface maxima of the
pre-monsoon season are attributed to the twin factors of
input by bacterial action and to the fact the FDOM at this
level is insulated from photochemical breakdown contrary to
surface where illumination that peaks during premonsoon
season cause photodegradation [42,43]. Due to quick
attenuation with depth of surface irradiation, the
photo-induced loss is confined to the surface mixed layer,
which during premonsoon season was about 30 meters (Fig.
3a). Below this layer, bacterial metabolism as indicated by
lower dissolved oxygen (Fig. 3b), introduces DOM that is
particularly rich in chromophores and fluorophores and this
process sustains the fluorescence maxima as observed in the
Arabian Sea [29], the Sargasso Sea, North Atlantic [44], the
eastern Atlantic [45] and North pacific [46].
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Figure 6. Correlations of Humicfluorophoric components with a) Salinity, b) Chlorophyll a in surface waters
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4. Conclusions

The FDOM in the coastal waters off the western Bay of
Bengal where fresh water inputs are little and limited to the
monsoon season follows distinct seasonal pattern. During the
monsoon season, the humic type fluorescence acted as a
proxy for salinity. During the premonsoon season, the
tyrosine protein like fluorescence acted as proxy for
chlorophyll a (phytoplankton) attributed to bacterial
degradation of organic matter recently introduced by the
process of photosynthesis.
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